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ABSTRACT
A pilot-scale (0.5 m3) anaerobic digester was constructed in a small 
Palestinian poultry farm. The farm, located in Beit Ur Al Foqa village 
of Ramallah district, with a total area of 140 m2 and accommodating 
about 1800 birds every 50 days produces annually about 6.57 tonnes 
(18 kg/day). The digester was filled with poultry manure and operated 
to obtain design parameters for a farm-scale biogas plant. The digester 
contained 20% of poultry manure co-digested with seed materials 
(70% cow manure and 10% anaerobic sludge) and mixed with the 
water in (1:1 ratio) to create dry digestion conditions (20% TS). 
Operated for one year, the feeding sequence of the anaerobic digester 
was once a day with a loading capacity of the daily produced manure 
in the farm. A low-cost solar water heating system was installed to 
enhance the biogas production in the digester under mesophilic 
process conditions. Poultry manure proved a suitable substrate for 
the installed biogas digester with total solids: 20%, and C:N ratio: 
32:1. Total biogas production was 39.95 m3, and the methane content 
ranged between 46% and 68%. As substitute to natural gas, the biogas 
generated (788  MJ) was used for farm heating purposes during 
the study period. The fresh anaerobically digested slurry showed 
a nutrient rich fertilizer (NPK ratio of 2:3:3). Sun-drying of digested 
slurry increased pathogens removal (F. streptococcus) up to 3 log10. 
Anaerobic digestion of poultry manure constitutes a bio-resource for 
both energy and nutrients. It is therefore an environmentally sound 
technology with zero waste emissions.
Introduction
There are many studies of the anaerobic digestion of poultry manure [1–5]. Anaerobic diges-
tion transforms the poultry manure into a valuable source of energy while simultaneously 
reducing the manure volume [5,6], but the implementation of full-scale biogas plants using 
poultry manure as a substrate has not yet been observed in Palestine.
Poultry production is a major part of the agricultural sector in Palestine. According to 
the Palestinian Bureau of Statistics, there 33 million broilers and layers in year 2013 [7], 
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2   R. ALI AND R. AL-SA’ED
which equates to approximately 665 million tonnes of chicken manure available for energy 
production.
Palestine suffers from a shortage of energy sources [8]. Palestinians depend on imported 
sources to meet their energy demands. About 80% of their energy sources in Palestine origi-
nates from neighbouring countries [9,10]. Palestine relies on Israel for 100% of its fossil fuel 
imports and for 87% of its electricity imports [8,9]. According to Abu Hamed et al. [11], 
the conversion of chicken manure and other animal waste into biogas can meet the needs 
of 20% of the rural population in Palestine and the conversion of agricultural residues into 
biofuel could replace 5% of the imported diesel.
Common practices in Palestine for the disposal of chicken manure are burning or using 
it in the field as fertilizers, both contributing to increased air, water, and soil pollution. 
Excessive use of fresh chicken manure in agriculture as fertilizer leads to environmental 
problems such as increased emissions of greenhouse gases, increased levels of nitrate in 
groundwater [12], increased levels of phosphorus in surface water [13], increased presence 
of pathogens [14], and increased levels of heavy metals in the soil [15]. Therefore, anaero-
bic digestion of chicken manure to convert it into a clean burning fuel could be a feasible 
alternative and warrants further investigation.
A major difficulty associated with using poultry manure as a feedstock in the anaerobic 
digestion process is the higher nitrogen contents and the presence of antibiotics compared 
with other organic substrate [6,16,17]. Several studies have demonstrated that ammonia may 
inhibit the biogas production under thermophilic conditions [3,6,18,19]. The digestion of 
chicken manure with other organic waste or manure helps in providing a suitable balance 
of nutrients and thus favours the production of methanogens [20–23]. The poultry manure 
used in this study has a high carbon: nitrogen (C: N) ratio owing to large quantities of an 
exogenous C source (sawdust application) used for installation and bedding.
Several investigators have used mainly lab-scale experiments aiming at anaerobic diges-
tion of manure [24]. Others have identified the role of temperature, nutrient balances, [25], 
ammonia inhibition [17,26], microbial resistance [27], and developed operational strate-
gies [28,29]. There are few operational data from large scale field studies on the anaerobic 
digestion of manure, and the published literature shows few farm-scale pilots [16,30]. The 
aim of this research is to identify the key operational parameters necessary for the design 
and installation of a farm-scale anaerobic digester using chicken manure. A pilot-scale 
digester (0.5 m3) was constructed in a small Palestinian chicken farm, assisted by a solar 
water heating system to maintain mesophilic conditions. The design parameters including 
the total solids (TS), C:N ratio, digestion temperature, and digestion time were evaluated. 
The treatment efficacy of the installed pilot system (biogas to heat energy and digestate 
slurry) was also assessed.
Material and methods
Study site
This field study was carried out in a small chicken farm in Beit Ur Al Foqa village, which is 
located in Ramallah district (latitude: 31° 53′ 3″ N, longitude: 35° 6′ 57″ E), Palestine. The 
village has a Mediterranean climate with a monthly average temperature ranging from 7.5 
to 10 °C during winter and can reach 30 °C in the summer season. The poultry farm has 
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a total area of 140 m2 accommodating about 1800 birds every 50 days. The annual output 
of mixed waste and manure from the chicken farm was around 6.57 tonnes. Natural gas 
was used to heat the farm in winter season before installing the biogas system. The site was 
selected to be close to the farm, in order to reduce the loss of pressure in the gas lines and 
to keep cost low.
Experimental set-up and operational methods
The field study started June 1, 2015. On a daily basis, routine operational parameters were 
monitored including temperature, pH, and biogas flow. During the start-up period, volatile 
fatty acid and the alkalinity were measured. A solar hot water system in the digester was 
used to increase the process temperature and enhance the anaerobic microorganisms during 
the cold winter season.
The pilot scale digester (Figure 1) consisted of fermentation tank (main digester) which 
was connected to other components including: mixing tank, hot water solar system, biogas 
storage balloon, and solid waste collective tub (digested slurry). Both mixing and fermen-
tation tanks (digester), cylindrical in form, are constructed of high-quality plastic materials 
with 0.5 m3 volume and internal capacity (working volume) of 0.3 m3. The anaerobic digester 
volume was calculated based on the organic loading rate (OLR) to accommodate the daily 
amount of manure produced by the farm (18 kg).
Figure 1. Schematic of the pilot-scale system.
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4   R. ALI AND R. AL-SA’ED
Installed in the anaerobic digester were an internal thermometer and a gas flow meter. The 
design of the anaerobic digester permitted a periodical mixing of the slurry in the system 
using iron-made agitators. The feedstock was inserted manually into the mixing tank and 
water was added to produce the slurry. The latter was gravity fed into the digester through 
a tab wide enough (100 mm) to avoid clogging during the system operation. A glass scale 
was connected to the digester in order to show the digestate level during the feeding process. 
The solar heating system entailed a solar collector device (flat plat collector with 1.6 m2 
area), pump, pipes, and helix heat exchanger. The solar collector served as a heat exchanger 
for the production of heated water.
The produced biogas was collected in a 250 L gas balloon with a biogas storage capacity of 
3 days. The gas balloon, made of an adequate material (ethylene propylene dienemonomera), 
has a flexible structure allowing expansion when the gas production rate is higher than 
consumption. The material of the balloon was carefully selected for its pressure resistance, 
UV radiation, and temperature variations. A one-way valve served as a connection between 
the anaerobic digester and the biogas collection balloon.
Anaerobically digested slurry was spread in the digestate collector, an iron-made tub, 
for sun drying and solar disinfecting for 14 days. During this process, there was a manual 
moderate stirring of digestate. Finally, the sun-dried and disinfected digestate was scraped 
and stored in plastic bags to avoid excess sun drying and loss of nutrients [31].
Digester operation
Twenty percent of poultry manure was co-digested with seed materials comprising 70% 
of cow manure and 10% of anaerobic sludge to give the ratio 70:20:10 of the total volume 
(300 kg). As recommended by Khoiyangbam et al. [5], the seed materials should be twice 
the volume of digestate slurry during the start-up period, when water was added in a 1:1 
ratio to reach a total solid (TS) concentration of 20%. The cow manure was obtained from 
a local cow farm in Beit Ur. The anaerobic sludge was obtained from an urban anaerobic 
sludge digester (Nablus wastewater treatment). After 30 days, the feeding frequency of the 
pilot digester with poultry manure was once a day. The initial organic loading rate [OLR] 
was 2.5 kg TVS/m3.day and reached a maximum load of 6 kg TVS/m3.d. The volume of bio-
gas produced, pH, and temperature were measured every day; the biogas quality (methane 
concentration) was measured every week. The digester was heated constantly using a hot 
water solar system to run the digestion process under mesophilic conditions (30–45 °C).
Samples analysis
At the beginning of the study, fresh samples of poultry manure, cow manure, and anaerobic 
sludge were collected and analysed for the following parameters: TS, TVS, total Kjeldahl 
nitrogen (TKN), chemical oxygen demand (COD), and total organic carbon (TOC). The 
solids concentrations were measured according to APHA Standard Method 2540, TKN 
according to APHA Standard Method 4500-N, and COD according to Standard Method 
5220 B. Table 1 summarises the results of the solids and nutrients concentrations of the 
poultry manure, cow manure, and anaerobic sludge used in the experiments.
Digestate slurry samples were collected and analysed for pH, volatile fatty acids (VFA), 
and carbonate alkalinity (CT). The digestate slurry analyses were completed within 2 h of 
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the collection time. VFA was analysed by distillation method. The CT was analysed by a 
titration method using 0.1 M hydrochloric acid (HCl) and acidifying the sample to pH of 
2.2 according to APHA Standard Method 2320. Gas volume was measured with volumetric 
flow meters and the gas composition (methane, carbon dioxide and oxygen) was measured 
biogas analyser BioGas Check CDM). The fresh manure, digestate slurry, and sun dried 
digestate slurry were analysed for nitrogen, total phosphorus (TP), potassium, and micro-
biology (E. coli, Streptococcus faecalis, and total coliform). TP, total nitrogen, and potassium 
were analysed using inductively coupled plasma optical emission spectrometry (ICP-OES) 
according to (ISO 11885: 2007) standard method.
Detection of viable cell counts Streptococcus faecalis was carried out according to APHA 
standard method 9230. The viable cell counts of E. coli and total coliform were determined in 
accordance to EPA filtration membrane method (1103.1). All analyses of grab samples were 
performed in triplicates. The pH value and daily yield of biogas in the anaerobic digester 
were measured twice a day; the other chemical analyses were performed once a week.
Results and discussion
Feedstock characteristic
The anaerobic digestion process and biogas production in the digestion tank depend on 
both process configuration and feedstock characteristics. The composition of the poultry 
manure used in this study included broiler litters as well as large quantities of wood chips 
and sawdust. Most Palestinian poultry farms use wood chips and saw dust as insolation 
materials, to reduce the messiness of litters and to expedite the farm-cleaning process.
The moisture content of poultry litter was 12%; and it had a high total solids (TS) content 
compared with seed materials and feed slurry. Previous studies [2,27] on anaerobic diges-
tion of poultry litter revealed a decrease in the efficiency of conversion to methane with 
an increased percentage of TS concentration in the feed slurry. Therefore, in our study we 
used a poultry litter slurry with TS content ranging between 10 and 12%.
Nutrients and C:N ratio are crucial parameters to ensure a stable digestion process and 
fertilizer quality [13,16] . The C:N ratio of fresh poultry manure was 32, which is very high 
compared to published literature data (C:N; 8:10) [5,14,22]. The large amount of wood 
chips in the litters led to a high carbon content of the poultry manure and appropriate 
balance of nutrients. The initial mixtures of poultry manure with seed materials resulted 
in an overall C:N ratio of 30; which indicates that the C:N ratio is near the optimum range 
with sufficient nutrients for the anaerobic process. The poultry litter is a very good material 
for methanogenic bacteria.
Table 1. Solid waste and seeding characteristics.
note: number of analyses (for each indicator): 9.
Parameter Poultry manure Slurry Cow Sludge
tS (%) 85.4 ± 2.1 12.5 ± 1.4 30.3 ± 2.1 29.0 ± 1.4
tvS (%) 87.8 ± 6.7 97.5 ± 1.2 93.4 ± 4.1 92.6 ± 8.1
Cod (mg/l) 70,473.7 ± 226.3 43,368.4 ± 42.5 23,894.7 ± 589.1 3105.3 ± 45.5
toC (mg/l) 16,396.5 ± 428.8 23,472.1 ± 113.7 1124.2 ± 7.8 2104.6 ± 19.8
tKn (mg/l) 502.6 ± 14.9 769.5 ± 18.5 57.7 ± 3.7 169.9 ± 4.9
C:n 32.6 ± 0.7 30.5 ± 3.2 19.5 ± 2.7 12.4 ± 0.9
pH 7.2 ± 0.1 7.4 ± 0.1 8.2 ± 0.2 6.7 ± 0.1
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6   R. ALI AND R. AL-SA’ED
Production of volatile fatty acids (VFA)
Samples of slurry were collected throughout the study period, and pH, volatile fatty acid 
(VFA), and alkalinity were determined to monitor the anaerobic digestion process. VFAs 
are intermediary products formed during the fermentation of complex organic materials in 
the hydrolysis stage of anaerobic digestion. If the total VFA of the system is low, the bicar-
bonate alkalinity is a measure of the total alkalinity of the system. When the volatile acid 
concentration increases, the bicarbonate alkalinity should neutralise the acids. In normally 
operating anaerobic systems, VFA concentrations typically range from 50 to 250 mg/L as 
acetic acid (HAc) [5,32].
Figure 2 shows the variations in pH value, VFA and alkalinity contents in this study. An 
initial peak (1722 mg HAc/L) occurred at the beginning of the study indicating the onset 
of the anaerobic digestion process. On day 50, the VFA concentration fell below 300 mg 
HAc/L and it ranged from 200 to 250 mg HAc/L during other months. In conjunction with 
the decrease in VFAs, the alkalinity decreased and the pH increased to reach a value of 8.4 
and remained stable for the duration of the experiment.
The initial accumulation of VFAs did not cause acidification in the digester when pH 
dropped to a value of 6.5. Dalkilic and Ugurlu [3] reported that the system was still capable 
of converting the chicken manure to biogas at a rate of a 4000–6000 mg/L when pH was 
is high enough.
The ratio of VFA/alkalinity in the digester shows the stability of the digestion. Murphy 
and Thamsiriroj [32] reported stable anaerobic digestion of chicken manure with no risks 
of acidification at low VFA formation (0.3–0.4). The same result reported by Weerayutsil 
et al. [20] is pertinent to process stability and minimal VFA accumulation in the pilot-scale 
system for chicken manure digestion.
Pilot scale output
Biogas production and composition
Figure 3 shows the overall biogas production and the cumulative biogas production under 
different organic loading rates (OLRs) throughout this study. The total quantity of biogas 
produced was 39.95  m3, and the total methane produced during the study period was 
approximately 25.57 m3.
The biogas production started directly after feeding the digester with slurry. After four 
weeks, the system showed a maximum biogas production (312 L). This fell suddenly below 
20 L at the beginning of July and fell further to about 10 L during snow period in January. 
Throughout the first 4 weeks, feeding was applied allowing a gradual increase in the biogas 
production. Then the feeding frequency of the digester was once a day with poultry manure 
at an OLR of 2.5 kg TVS/m3.day until reaching a maximum of 6 kg TVS/m3.d. Low ambient 
temperature during rainy and snowy days and higher organic loading rates probably explain 
the decrease in biogas production in the anaerobic digester.
Since the heating of the digester was maintained by a solar-powered hot water system, 
digester temperature depended on daily solar radiation levels. Temperature in the anaerobic 
digester decreased during rainy and snowy days because of the absence of solar radiation, 
which obstructed the use of the solar heating system. Thus, there was a sudden decrease in 
biogas production in January. The deterioration was probably because of high volumetric 
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solids loading rates; therefore, feeding was stopped at maximum organic loading rate of 
5 kg TVS/m3.day. Operating the pilot system below the maximum OLR and installing the 
solar driven water-heating unit, stable process conditions were restored and the biogas 
production recovered in a few days.
The biogas yield was calculated and reported as the volume per unit mass of VS fed to 
the digester per day, as routinely reported by other researchers [5,32–35]. According to the 
Figure 2. pH, vfa, and alkalinity concentrations recorded throughout the study period.
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8   R. ALI AND R. AL-SA’ED
theoretical methane yield of 300 kg of substrate under anaerobic conditions, approximately 
66% of the organic matter was converted to methane [34].
In this study, the methane content of biogas ranged between 46 and 68%. The concentra-
tion of carbon dioxide varied occasionally; but the average methane percentage remained 
64%.
Biogas produced from the pilot-scale study was directly used for farm heating proposes 
to substitute for natural gas, using a handmade stove with large pores to match the low 
pressure of the biogas. Based on the methane production observed in the pilot-scale study, 
either system could produce approximately 25.57 m3 CH4 per year, yielding approximately 
788 MJ or 188 kWh. This calculation is based on a total of 4 tonnes of poultry manure and 
biogas with 60% methane (1 m3 of biogas with 60% methane is equivalent to 4713 kcal or 
4.698 kWh) [5].
Bio-fertilizer
Table 2 illustrates the characteristics of the digestate slurry after anaerobic digestion and 
sun drying. Several studies recognise that anaerobic digestion increases the nutrients in the 
slurry [36–38]; the removal of carbon results in organic materials that are rich in nitrogen 
and phosphorus.
The average percentage of phosphorous in the slurry was 3.02%. This decreased to 2.82% 
after sun drying, whereas the percentage of potassium reached 3.51% and decreased to 2.52% 
in sun-dried samples. Similarly, the total nitrogen percentage was higher in the digestate 
slurry before sun drying.
Figure 3. daily biogas production and cumulative biogas production versus time.
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The release of nutrients and organic material to the slurry during digestion occurs mainly 
because complex materials in manure have been converted to biogas, resulting in a higher 
concentration of nutrients [39,40]. Moreover, high effluent concentrations of TKN in the 
slurry may be attributed to the anaerobic bioconversion of proteins contained in poultry 
manure into amino acids and then to ammonia, which in turn volatizes during sun-drying 
process, with a decrease in nitrogen concentration.
The microbiology results clearly showed that anaerobic mesophilic digestion of poultry 
manure slightly affected the concentration of some pathogens (Table 2). The anaerobic diges-
tion reduced the number of total coliforms, E. coli, and Streptococcus faecalis by 1, 2, and 2 
logarithmic units, respectively. In the contrast, sun-drying was able to kill most pathogens, 
There was no presence of total coliform or E. coli found in digestate slurry samples after 
the sun-drying process and the number of Streptococcus faecalis was reduced by more than 
3 logarithmic units. With respect to pathogens removal, the anaerobic digestion process 
turned out to be relatively ineffective compared to the sun-drying method.
The impact of temperature
Temperature plays a critical role in the anaerobic digestion process. The ideal temperature 
range for the anaerobic digestion of poultry manure is between 35 and 40 °C [6,41,42]. 
The temperature in the digester was kept in the mesophilic range for most of the digestion 
period by using the solar-powered system. Figure 4 shows the biogas production and digester 
temperature as a function of time.
There is a direct correlation between temperature of the digester and daily methane 
yield. Temperatures were variable throughout the digestion period, and the gas production 
increased and decreased with the rise and fall of digester temperature.
Daily methane yields generally followed the temperature trend. Methane production 
increased proportionally with temperature increase in the digester. During summer season, 
the solar-assisted anaerobic digestion played a crucial role in raising process temperature, 
reaching the mesophilic phase with increased biogas production. The solar heat apparatus 
absorbed solar energy, and the water temperature reached 40 °C during the sunny days 
when biogas production was the highest. During winter period, the ambient temperature 
dropped to 10 °C with snow days during January. The daily biogas yield ranged between 4 
and 20 L, indicating that the change of temperature affected seriously the biogas production. 
The stored biogas provided thermal heating of the chicken farm during the rainy and snow 
weather conditions.
Table 2. Characteristics of the digestate slurry after digestion and sun drying processes.
note: number of analyses (for each indicator): 9.
*nil: having no value or existence.
Indicator Unit Fresh manure Fresh digestate slurry Sun dried digestate slurry
n% % 2.86 ± 0.39 2.12 ± 0.24 2.31 ± 0.29
P% % 1.03 ± 0.09 3.02 ± 0.42 2.82 ± 0.24
K% % 1.87 ± 0.39 3.51 ± 0.32 2.52 ± 0.15
C:n – 32 ± 2.74 30 ± 3.47 22 ± 1.41
PH – 7.46 ± 0.07 7.95 ± 0.75 7.32 ± 0.12
total coliform (Cfu/g) 6.4 × 105 ± 0.3.07 × 104 3.2 × 104 ± 5.42 × 103 nil*
E. coli (Cfu/g) 7.8 × 106 ± 1.18 × 105 4.7 × 103 ± 1.89 × 102 nil
Streptococcus faecalis (Cfu/g) 1.6 × 107 ± 2.22 × 106 1.4 × 106 ± 1.06 × 105 830 ± 6.21
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Under stable mesophilic conditions, a steady rate of gas production was observed; but 
the impact of using a solar water heating system was not fully explored since there was 
no control digester. The reported data on temperature effect on biogas production have 
been well investigated at lab-scale trials and played a key role in achieving stable microbial 
communities [43,44].
Results obtained from a field study [45] demonstrated that the use of a hot water solar 
system increased the biogas production by 11% compared to the other digester with the 
same methane content. In a mathematical model, Alkhamis et al. [46] showed that heating 
a water-jacket around the anaerobic bioreactor using a flat plate solar collector is econom-
ically feasible for the biogas production under controlled temperature.
Conclusions
The poultry manure was anaerobically digested in a pilot-scale digester (0.5 m3) assisted 
by a low-cost hot water solar system under mesophilic process conditions. Operated and 
monitored over a year, the total volume of biogas produced was 39.95 m3, and a total meth-
ane content of approximately 25.57 m3. Temperature was the most obvious limiting factor, 
as demonstrated by the fluctuation of daily methane production according to temperature.
Poultry manure proved a suitable substrate for the installed biogas system. The digested 
slurry from the anaerobic digester has chemical and microbiological quality rendering 
it an excellent fertilizer. The anaerobic digestion showed poor inactivation of pathogens 
(Streptococcus faecalis), reaching a maximum reduction of two logarithmic units. The 
sun-drying process was more effective in reducing the number of Streptococcus faecalis 
and achieved up to 3 logarithmic units. After anaerobic digestion, the digestate was nutrient 
rich (phosphorus and potassium), whereas more ammonium nitrogen was found in the 
slurry after digestion process.
The heat energy produced by the quantity of biogas satisfied the energy demand of the 
poultry farm during winter period. The results of this pilot-scale study provided key oper-
ational and design parameters suitable for large-scale biogas systems for the treatment and 
reuse of animal manure in other Palestinian poultry farms.
Figure 4. daily biogas production and digester temperature versus time.
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